Abstract: Polymer organic-inorganic hybrid nanofibers constitute a new class of materials in which the polymeric nanofibers are reinforced by uniformly dispersed inorganic particles having at least one dimension in nanometer-scale. In the present study, nanofibrous mats of neat and nanocomposite polyacrylonitrile (PAN) were fabricated by electrospinning process. Electrospun PAN and PAN/Na-MMT fibrous mats with the respective mean fiber diameter of about 220 and 160 nm were prepared. The influence of the clay-montmorillonite on the morphology and diameter of nanofibers was investigated by means of scanning electron microscope (SEM) and transmission electron microscope (TEM) techniques. The microscope techniques results suggested that the PAN/Na-MMT composite nanofibers showed the lower mean fiber diameter than the neat PAN nanofibers. Besides, the difference in nanoclay-content has a slight effect on the distribution of fibers diameter. Thermogravimetric analysis (TGA) results suggested that the introduction of clay-nanomaterials improve the decomposition onset and residual weight percentage of mats at about 31 C and 13 %, respectively. The results of X-ray diffraction (XRD) confirmed that the clay-montmorillonite layers were exfoliated in the polymer matrix. The exfoliation of clay layers was further supported by transition electron microscope (TEM) observations.
Introduction
Polymer nanotechnology represents a new field in nanoscience. Recently, polymer nanocomposites attracted great attention due to their increased modulus and strength, improved thermal characteristics, especially their unexpected hybrid properties that are synergistically derived from the two components [1] [2] [3] [4] [5] [6] [7] . Because of the large boundary surface created by the nanofillers, polymer nanocomposites with new properties are possible to produce. With respect to the importance of electrospun nanofibers in the various fields such as energy and electricity, media filter and sensors, tissue engineering and composite reinforcement, nowadays, the studies on the electrospinning process are done extensively [8] [9] [10] [11] [12] [13] [14] [15] . But, most of these applications need improved mechanical and thermal properties. In order to modify and improve these properties, the methods such as blending polymers with each other and the introduction of inorganic fillers into polymer matrix are used [16] [17] [18] . Among these methods, inorganic nanofiller-organic composite nanofibers due to their nanometer size, high specific surface area, and the associated predominance of interfaces, easy dispersion in polymer matrix and the high thermal stability are used extensively [19] [20] [21] [22] [23] [24] [25] . The advantages of electrospun hybrid nanofibers containing inorganic nanofillers are more than those of neat polymeric nanofibers, which include efficient reinforcement and impact strength and Young's modulus, heat stability, flame retardance, altered electronic, optical and photoluminescence properties [26] [27] [28] [29] [30] . Various composite nanofibers can exhibit, therefore, novel properties, which are very useful for aerospace, biomedical, defense and energy, and other engineering applications due to enhanced thermal and mechanical properties [11, [31] [32] . It has been observed that the incorporation of clay nanolayers increases the dimensional stability, thermal properties, and mechanical resistance of the polymer matrix compared with other fillers due to their layered structures [33, 34] . However, yet there are few reports on clay-montmorillonite composite nanofibers. Most polymer nanofibers exhibit these improvements in performance at relatively low loadings (typically less than 5 Wt %). It has also been found that the conductivities of the polymer/clay solutions increased with raising the content of clay, which caused a decrease in the mean diameter of the polymer clay nanofibers [26, [35] [36] . Typically, polymer composite nanofibers can be obtained using two experimental methods [37, 38] . The first method is known as the polymer template procedure, in which polymer nanofibers made from electrospinning or other means are immersed into a nanoparticulate-containing composite solution to adsorb nanomaterials on fiber surface, and thermal or chemical treatment step is often introduced as an additional step to obtain good particle-fiber adhesion. The second method to form polymer composite nanofibers is a one-step electrospinning procedure, i.e., obtaining nanofibers by directly electrospinning. Electrospinning is very attractive because of its simplicity and flexibility in producing nanofibers. The electrospinning process is described as following. A strong electrostatic force is applied to the capillary containing polymer solution. Once the field strength surpasses the surface tension of the solution, the solution is ejected from the tip. When the solvent is evaporated, the polymer is deposited as a nonwoven fibrous mat on a template which served as the ground for the electric charges [8, 9, 39] .
In this study, the neat PAN and PAN/Na-MMT solutions electrospun via electrospinning technique and the effect of reinforcing ability of nanoclay on the thermal stability of PAN nanofibers were investigated. XRD measurement and TEM observations suggested that the clay layers were dispersed and exfoliated into matrix polymer. SEM images exhibited that the introduction of nanoclay decreased the mean fiber diameter. However, nano-content variation slightly affects the distribution of fiber diameter. TGA thermographs showed that the addition of nanoclay to polymer solution delays the initiation temperature of degradation and reduced the weight loss. Fig. 1 shows SEM images of electrospun of neat PAN and PAN/Na-MMT composite fibrous mats with various Na-MMT contents. The neat PAN nanofibers exhibited the homogenous and beads-free morphology with the mean diameter of 220 nm. The introduction of Na-MMT nanomaterials into PAN solution decreased the fibers diameter. It was observed that the composite fibrous mats with 1.0 Wt. %, 2.0 Wt. % and 4.0 wt. % nanoclay-content exhibited the mean fiber diameter of about 160 nm, which is lower than the neat PAN nanofibers. However, increasing nanoclay-content from 1.0 Wt% to 4.0 Wt% has slightly affected the mean fiber diameter. The diameter decrease of composite nanofibers may be due to the increase in PAN solution conductivity caused by clay-nanomaterials [26] . In addition, the contents of 0.0 Wt. %, 1.0 Wt. % and 2.0 Wt. % nonmaterial resulted in homogenous mats nanostructures with no bead defects. When the Na-MMT content was high (i.e., 4Wt %), irregularities and nonuniformities (such as beaded segments) appeared. At high nanoclay-content, the dispersibility of clay in PAN fibers seems to be much difficult. The distribution of Na-MMT layers in the composite fibrous mats was investigated by TEM micrographs. Fig. 2 shows typical TEM images of composite fibrous mats containing 1.0 Wt. % Na-MMT (Fig. 2a) and 4 .0 Wt. % Na-MMT (Fig. 2b) contents. The Na-MMT layers are dark lines and zones in the TEM pictures, indicating exfoliation of Na-MMT layers. For the PAN/Na-MMT nanofibers with 4.0 Wt. % nanoclay-content, some intercalated tractoids are observed. Na-MMT layers are oriented in nanofiber axial directions, which are attributed to formation of ordered structures during electrospinning process, seemingly due to the high elongational stress during fiber formation and solvent evaporation [19, 41] . The electrospun PAN/Na-MMT composite nanofibers with 4.0 Wt. % clay exhibited a weak peak at 2θ = 6.9 corresponding to a d-spacing of 4.64 nm. However, no peak was observed for neat PAN nanofibers and composite nanofibers with 1.0 Wt. % Na-MMT and 2.0 Wt. %. The absence of Na-MMT peak in the XRD patterns of Na-MMT composite nanofibers confirmed that the Na-MMT layers were exfoliated in the fibers. The exfoliation of the Na-MMT was further supported by TEM observations. The results of TGA analysis of electrospun clay-containning nanofibers thus prepared are shown in Fig.  4 . It is clear that two main stages take place during thermal degradation of electrospun clay composite nanofibers at a temperature range from 0 C to 700 C in argon atmosphere, which are attributed to cyclization mechanism of nitrile groups of PAN chains, to the formation of ring compounds and to pyridinoid structures [42] [43] [44] . These stages of thermal decomposition of the neat PAN nanofibers occur at about 284 C and 375 C, respectively. Whereas, PAN/Na-MMT composite nanofibers with 1.0 Wt. %, 2.0 Wt. % and 4.0 Wt. % nanoclay showed the first stage of decomposition at about 308 C, 315 C and 295 C (Table. 1) and the initiation of the second stage was observed at about 383 C , 386 C and 382 C, respectively. These results suggested that clay-containing nanofibers have more heat stability than neat PAN nanofibers. The highest thermal stability was observed for composite mats with 2.0 Wt. % Na-MMT, which was about 31 C higher than the neat PAN nanofibers.The increased degradation temperature of composite nanofibers with 2.0 Wt% Na-MMT compared with 4.0 Wt. % Na-MMT can be attributed to higher dispersion of nanoclay in polymeric matrix. This enhanced thermal stability of the clay composite nanofibers is achieved due to the Na-MMT nanolayers acting as barriers for the degradation of PAN in the interlayer spacing and partially due to the hindered diffusion of a volatile decomposition product within the nanofibers. Also, the influence of the increase in nanoclay content on the weight loss of nanofibers was investigated by means TGA analysis. It was observed that with the increase in nanoclay-content from 0.0 Wt. % to 4.0 Wt. %, weight loss percentage of electrospun mats was smaller than that of the neat PAN nanofibers. At 650 C, the residual mass was 12%, 17%, 21% and 31% for nanofiber samples containing 0.0 Wt.%, 1.0 Wt. %, 2 Wt.% and 4 Wt. % nanoclay, respectively. The large residual mass content may be the result of the formation of ring compounds, pyridinoid structures and the flame-retardant role of clay.
Results and discussion

Conclusions
Electrospun PAN/clay-montmorillonite composite mats were prepared via electrospinning technique. The effect of nanoclay-content loadings on morphological appearance of nanofibers was investigated using scanning electron microscope (SEM). The SEM images exhibited that the mean fiber diameter decreased with the incorporation of nanoclay into polymer matrix. However, the change in nanoclaycontent slightly affected the distribution and the mean fiber diameter. The mean nanofiber diameter ranged from 160 nm to 220 nm. The thermal properties of electrospun mats were investigated by TGA analysis. The results showed that the introduction of nanoclay-content delayed the decomposition initiation of nanofibers and also the residual mass increased with increase in nanoclay-content loadings. The X-ray diffraction (XRD) measurements and transmission electron microscope (TEM) observations showed that the Na-MMT layers were exfoliated in polymeric matrix.
Experimental part
Polyacrylonitrile (PAN) with the weight average molecular weight (M w = 100000) and the number average molecular weight (M n = 70000) was obtained from Polyacryle Co, Iran, Isfehan [40] . In order to prepare 12.0 Wt. % PAN solutions containing 1.0 Wt. %, 2.0 Wt. % and 4.0 Wt. % sodium-montmorillonite (Na-MMT, Southern Clay Products, USA), first clay-nanomaterials were dispersed in N,N-dimethylformamide (DMF, Aldrich) as the solvent for 12 h. To promote swelling and dispersing, the nanomaterials were dispersed in DMF sonicated for 1h using an ultrasonic generator (LABSONIC ® P, 22 kHz 400 W). The sonicated nanomaterial dispersions and PAN powder (2.1 gr) were mixed for 6 h, and electrospun.
The electrospinning experiments were performed at room temperature. The polymer solution was placed into a 10 ml plastic syringe with a needle having an inner diameter of 8 mm. A clamp connected the high-voltage power supply (HiTek Power Co (series of MH 100, UK)) to the needle. A piece of aluminum foil was placed at 17.5 cm directly to face the needle and acted as grounded collector. The polymer jets generated from the needle by the high-voltage field formed the nanofibrous mats at the grounded collector. The applied voltage and feed rate of the solution were fixed at 17.5 kV and 0.8 ml/h, respectively. The electrospun mats was vacuum-dried at 60 ºC for 1 weak before use.
The morphology of the electrospun hybrid nanofibers was observed under a scanning electron microscope (SEM) (ZEISS DSM 960A, 20kV) at an accelerating voltage of 15 kV. Prior to scanning under the SEM, the samples were sputter-coated for 100s with gold using a BALZERS SCD 004, fine coater (Germany). Based on the SEM photographs, the diameter of fibers was determined.
The nanostructure of the elecrospun mats was observed by means of transmission electron microscope (TEM) using a CEM 902A ZEISS,(Germany) with 80keV accelerating voltage.
X-ray diffraction (XRD) was performed at room temperature in the reflection mode on a Philips, X-ray diffractometer with Cu K radiation of wavelength with 1.54058 Aº. A scanning rate of 10 /min was used.
A TA Instruments Q50 TGA was used for thermogravimetric analyses (TGA). The samples were heated from room temperature to 700 ºC at a heating rate 10 /min under argon atmosphere.
